Atmospheric neutrino flux measurement using upgoing muons by Ahlen, S. et al.
7 September 1995 
PHYSICS LETTERS B 
EUEVIER Physics Letters B 357 (1995) 48 1-486 
Atmospheric neutrino flux measurement using upgoing muons 
MACRO Collaboration 
S. AhlenC, M. Ambrosio ‘, R. Antolinig, G. Auriemma”y’, R. Baker k, A. Baldini m, 
G.C. Barbarinol, B.C. Barishd, G. Battistoni f*2, R. Bellotti a, C. Bemporadm, 
P. Bernardinij, H. Bilokonf, V. BisiP, C. Bloisef, C. Bowerh, S. Bussino”, F. Cafagna”, 
M. Calicchioa, D. Campana e, M. Carbonif, M. Castellano a, S. Cecchini b13, F. Cei m*4, 
P. Celio “, V. Chiarella f, R. CormackC, A. Corona “, S. Coutu k, G. De Cataldo ‘, 
H. Dekhissi b,5, C. De Marzo a, E. Diehl k*ll I De Mitri’, M. De Vincenziny6, . 
A. Di Credico g,“, 0. Erriquez ‘, C. Favuzzi ‘, 6. Forti f, I? FUSCO”, G. Giacomelli b, 
G. Gianninimv7, N. Giglietto”, M. Grassi m, P. Green O*l*, A. Grillog, F. Guarino’, 
P. Guarnaccia”, C. Gustavinog, A. Habig h, K. Hanson k, A. Hawthorne h, R. Heinz h, 
J.T. HongC, E. Iarocci , . f*8 E Katsavounidis d, E. Kearns ‘, S. Kyriazopoulou d, E. Lamanna “, 
C. Lane e, D.S. Levin k, P. Lipari “, G. Liu d, R. Liu d, N.P. Longley d, M.J. Longo k, Y. Lu O, 
G. LudlamC, G. Mancarellaj, G. Mandrioli b, A. Margiotta-Neri b, A. MarinC, A. Marini f, 
D. Martelloj, A. Marzari-Chiesap, M.N. Mazziotta”, D.G. Michaeld, S. Mikheyevgv9, 
L. Millerh, M. Mittelbrunne, P. Monacelli i, T. Montarulia, M. Montenop, S. Mufson h, 
J. Musser h, D. Nicol6 m,4, R. Nolty d, S. Nutter k, C. OkadaC, C. OrthC, G. Osteriae, 
0. Palamaraj, S. Parlatig, V. Paterafy8, L. Patriziib, R. Pazzim, C.W. Peckd, J. Petrakish*13, 
S. Petreraj, N.D. Pignatano d, P. Pistilli j, V. PopabTio, A. Rain6 a, J. Reynoldsong, 
F. Ronga f, A. Sanzgiri O, F. Sartogo”, C. Satriano”,‘, L. Sattafv8, E. Scapparone b, 
K. Scholberg d, A. Sciubbaf>8, P. Serra-Lugaresi b, M. Severi n, M. Sittap, P. Spinellia, 
M. Spinetti f, M. Spurio b, R. Steinberge, J.L. StoneC, L.R. Sulakc, A. Surdoj, G. Tar16 k, 
V. Togo b, V. Valente f, C.W. Walter d, R. Webb O W. Worstell c 
a Dipartimento di Fisica dell’llniversitci di Bari and INFN, 70126 Bari, Italy 
b Dipartimento di Fisica dell’llniversitci di Bologna and INFN, 40126 Bologna, Italy 
’ Physics Department, Boston University, Boston, MA 02215, USA 
d California Institute of Technology, Pasadena, CA 91125, USA 
’ Department of Physics, Drexel University, Philadelphia, PA 19104, USA 
’ Laboratori Nazionali di Frascati dell’INFN, 00044 Frascati (Roma), Italy 
g Laboratori Nazionali de1 Gran Sass0 dell’INFN* 67010 Assergi (L’Aquila), Italy 
h Depts. of Physics and of Astronomy, Indiana University, Bloomington, IN 47405, USA 
i Dipartimento di Fisica dell’llniversitti dell’Aquila and INFN, 67100 L’Aquila, Italy 
i Dipartimento di Fisica dell’llniversid di Lecce and INFN, 73100 Lecce, Italy 
k Department of Physics, University of Michigan, Ann Arbor; MI 48109, USA 
’ Dipartimento di Fisica dell’llniversid di Napoli and INFN, 80125 Napoli, Italy 
()370-2693/95/$09.50 0 1995 Elsevier Science B.V. All rights reserved 
SSDI 0370-2693(95)00958-2 
482 MACRO Collaboration/ Physics Letters B 357 ff 995) 481-486 
m Dipurtimento di Fisica dell ‘Universitci di Pisa and INFN, 56010 Piss, Italy 
n Dipartimento di Fisica dell’llniversitci di Roma “La Sapienza” and INFN, 00185 Roma, Italy 
” Physics Department, Texas A&M University, College Station, TX 77843, USA 
p Dipartimento di Fisica Sperimentale dell ‘Universith di Torino and INFNp 10125 Torino, Italy 
Received 2 June 1995 
Editor: K. Winter 
Abstract 
We report on the first measurement of the flux of upgoing muons resulting from interactions of atmospheric neutrinos 
in the rock below MACRO. The ratio of the observed to the expected number of events integrated over all nadir angles 
is 0.73 & .09,,t. 4~ .06,,. IIZ .12tt,eo,... The flux of upgoing muons as a function of nadir angle is presented and compared 
to Monte Carlo expectations. At the 90% confidence level, the data are consistent with no neutrino oscillations or some 
possible oscillation hypotheses with the parameters suggested by the Kamiokande contained-event analysis. 
Considerable interest has been generated in the last 
few years in precise measurements of the flux of atmo- 
spheric neutrinos due to the apparent anomaly in the 
ratio of contained muon neutrino to electron neutrino 
interactions in the Kamiokande [ 1,2] and IMB [3] 
detectors. The Frejus and NUSEX detectors have ob- 
served the expected number of contained events with 
smaller statistics [4,5]. The Soudan II collaboration 
has reported preliminary results which are in agree- 
ment with the IMB and Kamiokande observations [ 61. 
The flux of muon neutrinos in the energy region 
from a few GeV up to hundreds of GeV can be in- 
ferred from measurements of upgoing muons in un- 
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derground detectors. This has been done by the Bak- 
san [7], Kamiokande [ 8,9], IMB [ 10,l l] and Fre- 
jus [ 121 detectors with no claimed discrepancy with 
expectations from calculation. Here, we report on the 
first measurement on these muons with MACRO. 
The lower half of the MACRO detector consists of 
a large rectangular box, 72 m x 12 m x 5 m, with an 
outer shell of liquid scintillator counters surrounding 
10 horizontal layers of plastic streamer tubes. The de- 
tector is subdivided into 6 parts which are referred to 
as supermodules (SM). In addition to the horizontal 
layers, vertical layers of streamer tubes are included 
along the sides of the detector. The horizontal streamer 
tube planes have a 3 cm pitch and are equipped with 
readout electronics on both the wires and on 3 cm 
pitch cathode strips. (See [ 131 for more details of the 
detector hardware.) In this analysis, muon tracks are 
reconstructed for events with aligned hits in at least 
4 horizontal planes or 2 horizontal planes in coinci- 
dence with 3 or more vertical planes. The intrinsic an- 
gular resolution for muons which traverse 10 planes 
of streamer tubes is 0.2”. The area of MACRO used 
for this analysis is much larger horizontally than ver- 
tically with a resulting small number of events near 
the horizontal. 
The data used for this measurement were collected 
during two different running periods. The first period 
used one supermodule and lasted from March 1989 un- 
til November 1991. During this time ( 1.4 life-years), 
2.3 x lo6 muon events were recorded. The second 
running period, from December 1992 until June 1993, 
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used 6 super-modules (0.42 life-years) during which 
3 x lo6 muon events were recorded. 
The direction that muons travel through MACRO is 
determined by streamer tube tracks and by the time- 
of-flight between two different layers of scintillation 
counters. The time resolution for muons in a scintilla- 
tor box is about 750 ps for the 1 SM data and 500 ps 
for the 6 SM data, the improvement being the result of 
electronics upgrades. Timing is used to calculate the 
/I for each muon with the convention that downgoing 
muons will be expected to have /I’s near +I while 
upgoing muons will be expected to have p’s near - 1. 
The timing information in a given scintillator tank 
can be incorrect in some cases: when a radioactive de- 
cay occurs in a tank nearly coincident with the passage 
of a muon; when muons stop in the detector; when 
multiple muons are in a single event; or when muons 
are accompanied by large electromagnetic showers. 
These effects tend to produce non-Gaussian tails in 
the l//3 distribution which must be removed to attain 
a clear peak of upgoing muons near 1 /p = - 1. A 3 m 
minimum pathlength requirement has been imposed to 
ensure that the time of flight is significantly larger than 
the time resolution of the scintillator system. Consis- 
tency in position measurements using streamer tubes 
and scintillator timing has also been imposed to help 
eliminate background. Since the readout electronics 
for MACRO is symmetric for upgoing and downgoing 
muons, downgoing muons have been used to check 
the efficiency of these cuts. The measured efficiency 
is 94% for downgoing muons. 
Fig. 1 shows the l//3 distribution for the combined 
6 SM and 1 SM data sets (after analysis cuts). A 
clear peak of events is visible centered on l/p = -1. 
Events with - 1.25 < l/p < -.75 are defined to 
be upgoing muons. This range corresponds to a 4 cr 
cut for the 6 SM data and a 3 (T cut for the 1 SM 
data assuming a Gaussian distribution for l/j3 for the 
upgoing muons. There are 5 1 events which satisfy this 
definition for the 6 supermodule data and 26 events 
for the 1 supermodule data. 
All events which have l/p < 0 but lie outside 
of the defined signal region have been studied care- 
fully to determine whether they have characteristics 
of background events or may be poorly reconstructed 
upgoing muons. Two events appear that they could 
possibly be the latter. We include a systematic error 
in our acceptance for upgoing muons based on these 
l/P 
Fig. I. Distribution of I/p after analysis cuts for the combined 6 
supermodule and 1 supermodule data sets. 
two events and do not include them in determining 
the background. The amount of background is deter- 
mined by making a Gaussian fit to the signal region 
around l/p = -1 together with a linear fit for the re- 
gion of l//3 < -0.2. From this, we estimate that there 
are 3 & 2 background events which are included in the 
upgoing muon sample. This background is subtracted 
in the final analysis. 
The Monte Carlo simulation is done in three steps. 
First, a flux of muons at the detector from atmospheric 
neutrino interactions is calculated. Second, the accep- 
tance for these muons is calculated for the detector 
geometry in a particular running period. Finally, an ef- 
ficiency correction is applied to the expected number 
of events based on electronic and reconstruction ef- 
ficiencies which have been explicitly measured using 
downgoing muons. 
Four different calculations of the atmospheric neu- 
trino flux have been used: that from Bartol [ 141, the 
one from Butkevich et al. [ 151, that of Mitsui et al. 
[ 161 and another from Volkova [ 171. The flux of up- 
going muons based on the Bartol and Butkevich neu- 
trino fluxes are about the same while the muon flux 
based on the Volkova and Mitsui flux is lower by about 
10% than the first two. The authors of the Bartol flux 
have estimated the systematic uncertainty by varying 
the input parameters (primary cosmic ray flux, interac- 
tion cross-sections, secondary pion and kaon spectra, 
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etc.). They estimate the systematic error on the flux of 
upward-going muons with energy greater than 3 GeV 
at the detector due to uncertainties in the neutrino flux 
to be *13% if constraints from atmospheric muon 
measurements are taken into account [ 181. (Without 
this constraint from the atmospheric muon measure- 
ments the uncertainty is about 20% [ 191.) Butkevich 
et al. have estimated the systematic uncertainty from 
this source to be * 10%. For a discussion of the sources 
of systematic uncertainty in the flux see [ 201. 
The cross-sections for neutrino interactions have 
been calculated using the Morfin and Tung parton dis- 
tributions set BI-DIS [ 211. A recent discussion of 
low-energy cross-sections suggests that the through- 
going muon flux may be increased by a few per- 
cent depending on the treatment of quasi-elastic, res- 
onant pion production and scaling violations arising 
from QCD effects [ 22 1. However, the magnitude and 
even the sign of this effect depend on neutrino cross- 
sections in a region where the experimental data are 
not very clear. Here, we use the simple prescription 
of calculating the cross-section but include a system- 
atic error of f9% on the expected flux of through- 
going muons in MACRO due to all uncertainties in the 
cross-section. The propagation of muons to the detec- 
tor has been done using the energy loss calculation of 
Lohmann et al. [ 231 using standard rock. The system- 
atic uncertainty on the expected flux of through-going 
muons in MACRO due to uncertainties in the energy 
loss and material of the rock below the detector is 
f5%. The total systematic uncertainty on the expected 
flux of muons at the detector is given by adding the 
errors from the neutrino flux, cross-section and muon 
propagation in quadrature. The resulting systematic 
uncertainty is -f17%. 
The detector has been simulated using both a 
GEANT [24] based Monte Carlo program and a 
simpler geometric model of the detector including all 
relevant dimensions of scintillator boxes and streamer 
tubes. The simulated events are processed through the 
same analysis chain as the data. Comparison between 
several different calculations of the acceptance of the 
detector shows an uncertainty in the acceptance of 
4% for muon trajectories with cos(zenith) < -0.4 
(5.8% averaged over all zenith angles). The Downgo- 
ing muons have been studied to understand the effect 
of the various background removal cuts on the data. 
These cuts result in additional inefficiencies for real 
Zenith Distribution For MACRO Upgoing Muons 
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Fig. 2. Distribution of cos(zenith) for the upgoing muon flux 
with energy greater than 1 GeV for the combined ata from the 
6 supermodule and 1 supermodule running. The extensions to 
the statistical error bars are the point-by-point estimates of the 
systematic error. The Monte Carlo expectation using the Bartol 
flux is shown in the shaded regions with a 3~17% systematic error 
range. 
events which are not simulated by the Monte Carlo. 
However, the (large) sample of downgoing muon 
events has been used to directly measure the efficiency 
that these cuts should have on upgoing muons. 
Fig. 2 shows the zenith angle distribution of the 
measured flux of upgoing muons with energy greater 
than 1 GeV for the combined 6 SM and 1 SM data 
sets compared to the Monte Carlo expectation using 
the Bartol neutrino flux. The distributions for the two 
data sets are mutually consistent within the statistical 
errors. The error bars on the data show the statistical 
errors with an extension for the systematic error cal- 
culated separately for each point. The range for the 
Monte Carlo expectation reflects the f17% system- 
atic uncertainty in that prediction. A background sub- 
traction of 3 events has been applied to the data on 
a bin-by-bin basis according to the observed angular 
distribution of background events that are not in the 
1 /p = - 1 peak (which resembles that for downgoing 
muons). 
The systematic error bars on the data represent the 
combined systematic uncertainties of the detector ac- 
ceptance or efficiency. By studying the acceptance and 
efficiency for downgoing muons with comparisons be- 
tween the streamer tube and scintillator data and dif- 
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ferent scintillator triggers, the systematic uncertainty 
has been reduced to a relatively small value. The re- 
maining sources of systematic error include the un- 
certainties in: the geometric acceptance averaged over 
all zenith angles (*5.8% for all bins or f4% for the 
first three bins) ; uncorrected electronic trigger inef- 
ficiencies ( f 1%); the efficiency of cuts on shower- 
ing events ( f 1%) ; the acceptance of events with in- 
teraction vertices very near the detector (&3%); the 
2 events mentioned earlier (53%); correlated ineffi- 
ciencies between the streamer tube system and scin- 
tillator system (52%); and the background subtrac- 
tion ( rfr3%). The systematic uncertainty on the accep- 
tance for the larger zenith angle bins is higher due to 
detector geometry effects and smaller statistics from 
downgoing muons. The sum of all systematic errors 
on the acceptance added in quadrature is &8.2%. It is 
expected that most of the systematic errors will be re- 
duced in future running of MACRO due to inclusion 
of the top half of the detector and improved statistics. 
The total number of upgoing muons observed (af- 
ter background subtraction) was 74 with an estimated 
systematic uncertainy in the acceptance of 6 events. 
The expected number of events is 101 f 17heor., us- 
ing the Bartol neutrino flux. The ratio of the observed 
number of events to the expectation is 0.73+=0.09,,,,,& 
O.O&,s. f 0.1 &hem. The measured flux is somewhat 
less than the prediction based on the Bartol flux of 
neutrinos. Most of this deficit lies in the bin of - 1 .O < 
cos 0 < -0.8 but most bins yield a slightly lower flux 
than expected. The probability that the observed num- 
ber of events could differ from the expectation by this 
amount or more is determined to be 22% by adding all 
errors in quadrature and assuming a Gaussian distri- 
bution of errors. However, it is the error on the Monte 
Carlo prediction of the upgoing muon flux that dom- 
inates. The probability that the observed number of 
events could differ from the expectation by at least the 
amount observed, given that the central value of the 
Monte Carlo predicted upgoing muon flux is correct, 
is 5%. The systematic uncertainty in the Monte Carlo 
prediction is dominated by the uncertainty in the calcu- 
lation of normalization of the flux of the atmospheric 
neutrinos. Taking into account only the other uncer- 
tainties in the upgoing muon flux (cross-section, rock 
and muon energy loss), the probability that the ob- 
served number of events could differ from the expecta- 
tion by at least the amount observed is 13%, given that 
0 
-4 
0 0.2 0.4 0.6 0.8 1 
sin’ 219 
Fig. 3. The 90% confidence level contour for MACRO data for 
exclusion of large mixing parameters. No lower limit for parame- 
ters is shown since the data are consistent with no mixing at the 
90% confidence level. Also shown in the plot are previous limits 
which are calculated under similar assumptions to those used for 
the MACRO limit along with the region allowed for parameters 
based on the Kamiokande analysis for contained events. (Note 
that the limit reported by Baksan using the Butkevich flux assumes 
the systematic error on the flux is &IO%. A limit also exists for 
IMB data but using different assumptions onthe flux I IO] .) 
the central value of the Bartol neutrino flux is correct. 
The observed flux is compared to hypotheses as- 
suming attenuation of the predicted flux by neutrino 
oscillations between vP and some other I/ that is unde- 
tected (assuming only two flavors mix). Fig. 3 shows 
a 90% confidence level contour on an upper limit for 
Am2 and sin* 20 for our data and other experiments. 
Although the MACRO data are consistent (at the 90% 
confidence level) with the hypothesis that no oscil- 
lations occur, the region in parameter space which is 
most consistent with the MACRO data corresponds 
to the region of parameter space suggested by the 
contained-event analysis of Kamiokande. Because our 
data lie below the predicted flux, only a very small 
region of large mixing parameters is excluded. 
In conclusion, we have made a first measurement 
of the flux of upgoing muons with energies greater 
than 1 GeV with the MACRO detector. The ratio of 
the total number of events observed to the number 
predicted using the Bartol flux is 0.73 f 0.09,,,,, k 
0.06,,, & 0.1 2heor.. The probability that the observed 
number of events could differ from the expectation is 
22% assuming the Bartol flux and taking into account 
all of the systematic and theoretical uncertainty. The 
results for the Butkevich flux are similar. Although this 
deficit gives good consistency with neutrino oscillation 
486 MACRO Collaboration/Physics Letters B M7 (I 995) 481-486 
hypotheses suggested by contained-event analyses, it 
is also consistent with a no-oscillation hypothesis at 
the 90% confidence level. 
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